The K-and L-shell ionization processes in ion-atom collisions have been studied with the theories higher than the first-Born approximation. The coupled-channel model, the distortion approximation and the coupled-subshell approximation are described. Comparison of the theoretical calculations with the experimental results are shown.
INTRODUCTION
Inner-shell ionization by energetic ion impact is a fundamental process in atomic physics and has been extensively applied for elemental analysis. It is well known that the first-order Born theories, such as the plane-wave Born approximation (PWBA) [1] and the semi-classical approximation (SCA) with straightline trajectory [2] , have been successfully used to interpret the experimental data. When nonrelativisitic screened hydrogenic wave functions are used, the ionization cross sections based on these approximations can be expressed in terms of a universal function with parameters of binding energy of the target electron and of the velocity of the projectile. Several numerical tables for K-, L-and M-shell ionization cross sections calculated by the PWBA and the SCA are available. However, when the projectile energy is low or the projectile charge is high, there exists significant discrepancy between the first-order theories and the experimental results.
Brandt and Lapicki [3] incorporated the effects neglected in the first-order theories into the PWBA and developed the so-called ECPSSR theory. The ECPSSR model accounts for the energy-loss effect of the projectile during ionization (E), the Coulomb-deflection effect of the projectile (C), the binding-energy increase and polarization effect of the target electron by the perturbed-stationary-state approach (PSS) and the electronic relativistic effect of the target electron (R). The great advantage of the ECPSSR lies in its relative ease to calculate the K-and L-shell ionization cross sections by modifying the parameters in the PWBA and by multiplicative correction factors.
It should be noted, however, that in the ECPSSR all the effects described above have been treated as corrections using some simplifying assumptions [4] . Furthermore, although the ECPSSR can well predict the experimental K-shell ionization cross sections, it is concerned only with the total cross sections. On the other hand, there exists discrepancy between the first-order theory and experimental ionization probabilities as a function of impact parameter, especially for small impact parameters.
For L shells the ECPSSR can reasonably well estimate the L 1 -and L 3 -shell ionization cross sections, but systematically underpredicts the experimental L 2 -shell cross sections for heavy particles [5] . The discrepancy between theory and experiment is especially significant for the L 3 /L 2 subshell ionization cross section ratios [6] . In L-subshell ionization the interaction of the projectile with other subshell electrons is expected to play an important role. Sarkadi and Mukoyama [7] explained this discrepancy by taking into account the vacancy rearrangement between L subshells during ion-atom collisions.
These facts indicate that more sophisticated theories, including higher-order processes explicitly, are necessary to understand the inner-shell ionization process in ion-atom collisions. In the present work, the theories beyond the simple first Born-approximation, such as the coupled-channel method, the distortion approximation and the coupled-subshell model, are described. 
THEORETICAL MODELS
The general expression for electron transition probability during ion-atom collisions can be given by solving the time-dependent differential equation. The time-dependent electron wave function is expanded in terms of the eigenfunctions of the target atom and substituted into the time-dependent Schrödinger equation of the system. Assuming the trajectory of the projectile, the obtained differential equation, the so-called the coupled-channel equation, is solved to calculate the ionization probability [8] .
The continuum states are usually expressed as pseudostates (discrete states with positive energy). The coupled-channel method is useful, but time-consuming for ionization process. It is more convenient to introduce some simplifying approximations. In the case of K-shell ionization, the coupling between different states is weak and only the initial and final states are retained, neglecting all off-diagonal terms. This distortion approximation [9] is applied to calculate K-shell ionization cross sections. On the other hand, for L-subshell ionization process the coupling effect between L subshells plays a dominant role. In this case we can retain only terms corresponding to L subshells and neglect contributions from all other states. This approximation is called the coupled-subshell approximation [10] .
K-SHELL IONIZATION
The K-shell ionization cross sections for protons on Cu have been calculated in the distortion approximation [11] . Atomic potential and the electron wave functions were obtained with the HermanSkillman program [12] . The calculated K-shell ionization cross sections in the energy region of interest are compared with the ECPSS, the ECPSSR and the reference cross sections [13] in Table 1 . The ECPSS indicates the ECPSSR without the electronic relativistic effect. It can be seen that the distortion approximation can give the cross sections in agreement with the ECPSS, but slightly smaller than the ECPSSR and the reference cross sections. This difference can be ascribed to the relativistic effect. It is also shown [11] that the K-shell ionization probabilities as a function of impact parameter in the distortion approximation agree well with the experimental results and the coupled-channel calculations [14] . The present model can easily be extended to the relativistic case and the relativistic distortion approximation with Dirac wave functions has been developed [15] . 
L-SHELL IONIZATION
The coupled-subshell calculations were performed using the nonrelativistic screened hydrogenic wave functions and the continuum wave function was approximated by the wave function with zero kinetic energy [16] . The calculated results for B ions on Au are shown in Fig.1 and compared with the ECPSSR and the experimental data [17] . It is clear that the ECPSSR fails to predict the energy dependence of the L 1 -and L 2 -shell ionization cross sections. On the other hand, the coupled-subshell method can well reproduce the experimental results for all subshells.
SUMMARY
Higher-order theories for inner-shell ionization during ion-atom collisions are described. For K-shell ionization, the distortion approximation can give the ionization cross sections in agreement with the experimental results and the ECPSS. The calculated ionization probabilities as a function of impact parameter are also in good agreement with the experimental data and the theoretical values by the coupled-channel method. In the case of L-subshell ionization cross sections, the coupled-subshell method can reasonably reproduce the experimental results.
